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This paper presents a novel wind energy harvester utilizing galloping effect coupled with
triboelectric-based energy conversion to convert the flow-induced structural vibration into
electricity. The proposed harvester comprises a host cantilever beam, a stopper, and a middle
plate with one rotation degree of freedom. The triboelectric layers and electrodes are placed in
between the surface of the stopper and middle plate. A bluff body is fixed at the free end of the
host beam to induce galloping vibration, which drives the middle plate to contact with the
stopper periodically, thus generating electricity due to the triboelectric-based conversion mech-
anism. The proposed harvester can harness energy from wind velocity as low as 2 m/s depending
on the selection of cantilever beams. A distributed coupled aero-electro-mechanical model is
formulated to investigate the dynamic behavior of the harvester. The impact between the middle
plate and stopper is found to have a significant influence on the energy generation performance of
the harvester. Rigid impact could cause irregular and impulsive separation of contact surfaces,
leading to sporadic voltage output. An optimal configuration is determined by selecting proper
parameters of the stopper, bluff body, and gap distance in the design of the harvester. The pro-
posed model shows good accuracy for modeling a moderate impact-engaged triboelectric
harvester working on contact and separation mode. The fabricated harvester prototypes can
produce a root mean square voltage of 12.8 V with a maximum power of 290 uW at wind velocity
of 10 m/s. Even at low wind velocity, such as 6 m/s, the maximum power can reach up to 196 uW,
demonstrating the promising energy scavenging capability of the proposed harvester.

1. Introduction

As arenewable and clean energy source, wind power generation has attracted extensive research attentions. For small-scale energy
harvesting that aims to power electronic devices, many energy harvesters have been proposed based on various energy conversion
mechanisms to convert wind energy into electricity. One typical example is the wind turbine that is designed based on electromagnetic
energy conversion. Aerodynamic-induced vibration has long been a major concern in the design of high-rise buildings and aircraft.
However, from the energy harvesting point of view, such vibration is an ideal energy source that can be converted into electricity.
Piezoelectric materials have attracted much attention for their abilities to convert mechanical vibration into electricity [1,2]. They
have been used by many researchers to harness energy from ambient wind-induced vibrations [3-5]. However, piezoelectric materials
are usually very brittle, which will cause structural fatigue in long-term operations. In recent years, triboelectric energy harvesters
(TEH) have emerged as suitable alternatives for energy conversion due to their merits of wide materials availability, lightweight, low
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cost, and high efficiency even at low frequencies [6-8]. The basic component of TEH is usually called tribo-pair, which consists of
triboelectric materials and electrodes.

Rotary-based structures widely exist in the design of triboelectric wind energy harvesters. For example, Shun et al. [9] reported a
broadband TEH based on a dual-rotation shaft. The harvesting system contains two sets of coaxial wind cups with diverse arm lengths,
and each of them has its own rotation shaft. Energy harvesting modules are constructed on the outer and inner rotors. The wind drives
the rotation of the wind cups, which results in the sliding between triboelectric material and electrodes, thus generating electricity
from the rotation of the rotors. The harvester can collect energy from a broad wind velocity range from 2.2 m/s to 16 m/s. Wang et al.
[10] and Zhao et al. [11] also reported similar rotary structures in wind energy harvester design. Bu et al. [12] proposed a TEH working
on the contact-sliding-separation mode. The device consisted of rigid rotors coupled to the shaft and flexible stators arranged in a
circle. With three rotors and four stators, an average power of 1.04 W was obtained for the loading resistance of 511 Q at 563 rpm.
Their design boosted the power output to a higher level than the traditional sliding mode TEH. Rotary-based TEH is usually massive
and requires a complex manufacturing process. Once the fabrication is completed, replacing the components will become troublesome,
which might be the limitation for rotary-based TEHs.

Flutter effect also attracts much attention in the design of TEHs. Fluttering is a common aerodynamic effect in daily life, like the
flags blowing in the wind. Bae et al. [13] proposed a flutter-driven TEH using a flexible flag and a rigid plate. The flag coated with
golden metal worked as the fluttering body as well as an electrode. Polytetrafluoroethylene (PTFE) film was attached to the surface of
the rigid plate. Their interaction generated periodic contact and separation, leading to an alternating current (AC) output. The
harvester produced a maximum voltage of 250 V and a current of 70 pA at a wind velocity of 22 m/s. Zhang et al. [14] reported a lawn
structured TEH aiming at sweeping wind energy on rooftops. The basic unit of the harvester was a pair of strips comprising indium tin
oxide (ITO) coated polyethylene terephthalate (PET) with one end fixed to the substrate and the other end stayed free-standing. The
wind flow induced the contact between pairs. With a unit number of 60, the harvester exhibited a rooftop power density of 2.37 W/m?
at the wind velocity of 27 m/s. Similar designs can also be found in the works from Perez et al. [15,16] and Phan et al. [17]. The
vibration frequency of the structure due to flutter is usually high. Therefore, flutter-based energy harvesters usually require a high
wind velocity to stimulate, which restricts the practical application of this type harvester since high-speed winds are rare in our
ambient environments [18,19].

In addition to the flutter, galloping is also an ideal aerodynamic effect that is utilized in many harvester designs. Galloping effect is a
type of self-excited aerodynamic phenomenon that gives increasing amplitude oscillations of the bluff body when subjected to growing
wind flows. Many works have employed such an effect in the design of piezoelectric energy harvesters [20-22]. However, only a few
recent works design wind energy harvesters using triboelectric materials by leveraging the galloping effect. For instance, Zhang et al.
[23] constructed a two-beam structure with one beam attached with a Y-shaped bluff body. The tribo-pair was constructed on two
square substrates placed between the two beams near the bluff body. The harvester achieved a very low cut-in wind velocity of 1.4 m/s,
and the voltage output could reach 200 V. Wang et al. [24] attached a C-shaped bluff body to a cantilever beam and proposed sym-
metric geometric boundaries that were 3D-printed with a curved surface. The geometric boundaries clamped the cantilever beam with
the tribo-pair constructed between the curved faces and the surface of the beam. The harvester could generate a total power output of
around 135 pW at a wind speed of 14 m/s. Besides, the harvester also showed the capability of integrating with a piezoelectric patch to
further increase the energy conversion efficiency. Those works are good demonstration of utilizing the galloping effect in the TEH
design. It is worthwhile to devote more efforts in improving the design of galloping triboelectric energy harvesters, aiming at their
practical applications of powering small electronics and wireless sensors.

Electrical modeling for fundamental TEH with parallel contact surfaces has been well established [25-27]. However, few works
have been devoted to the coupled electro-mechanical modeling of TEHs considering the dynamic behavior of the harvester structure,
especially when the impact is engaged in the model. Using a piecewise linear system is common in dealing with the impact in the
mathematical modeling of lumped parameter models. An additional stiffness is added into the system to simulate the impact behavior
when it happens. For example, Ibrahim et al. [28] developed a coupled electro-mechanical model based on the piecewise impact for a
harvester working in contact and separation mode. The simulated results showed good agreement with the experimental results, which
provided some insights on surface charge generation influence by impact. Fu et al. [29] presented a TEH in the form of a vibro-impact
system with three cantilever beams. The impact was modeled by considering the just-before-impact velocity and the velocity-
dependent coefficient. In addition to impact modelling, current modeling concerning aerodynamic force was based on the lumped
parameter method, which might lose the accuracy for the model prediction [23,24]. A distributed model is thus desired for precise
modeling, especially when the aerodynamic force and impact are involved simultaneously.

Owing to the excellent design flexibility of the cantilever beam, this work proposes a cantilever-type galloping energy harvester
using triboelectric materials (GTEH). An aero-electro-mechanical model considering the aerodynamic force and the impact is estab-
lished to analyze the mechanical and electrical properties of the GTEH. Prototypes of the proposed GTEH are fabricated for wind tunnel
tests, and the model is validated experimentally. The rest of this paper is organized as follows. Section 2 introduces the harvester
structure design and working mechanism. The aero-electro-mechanical model is discussed in detail in Section 3. Section 4 presents the
experimental setup. Preliminary experimental results and model validation are presented in Section 5. Optimization of the harvester
through a parametric study based on the preliminary results is addressed in Section 6. In Section 7, the performance demonstration of
the harvester is presented, followed by conclusions in the last section.

2. Structure design

The proposed GTEH consists of a host cantilever beam, a bluff body, a mechanical stopper, and a tribo-pair. As shown in Fig. 1, the
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host beam and stopper are attached in parallel at the left side with a middle plate being placed in between. The middle plate is
connected to the spacer by an elastomer that allows the middle plate to rotate along the fixed end when the host beam vibrates. The
triboelectric pair that consists of a PTFE film, a copper, and an aluminum foil is configured between the stopper and middle plate. A
flexible tape connects the support of the middle plate to the host beam. One bluff body is mounted at the free end of the host beam. The
cross-sectional shapes of bluff bodies dominate the transverse galloping effect. There are different types of bluff bodies, like D-shape
[30], square-shape [31,32], triangle-shape [33], and Y-shape [20], in which the square cross-section of the bluff body is a typical
design that has demonstrated outstanding performance for transverse galloping energy harvesting. Meanwhile, there is a fully vali-
dated aerodynamic model to estimate the galloping force of the square bluff body, which can facilitate establishing the aero-electro-
mechanical model for the proposed GTEH [34-36].

When the bluff body is exposed to wind flow, it vibrates once the wind velocity exceeds a critical threshold, i.e., the cut-in wind
velocity. The vibration of the host beam makes the middle plate approach to and depart from the stopper. Owing to the tribo-
electrification, negative charges are generated at the surface of the PTFE film, and positive charges are accumulated at the surface of
the copper electrode when the tribo-pair is in contact. When the tribo-pair separates, the change of the established electrical potential
drives the negative charges flow from the aluminum electrode to the copper electrode until the electrical potential equilibrium is
reached due to the electrostatic induction. When the tribo-pair approaches each other again, the negative charge flows in a reverse
way, i.e., from the copper electrode to the aluminum electrode. Therefore, the charge can flow back and forth through the external
circuit with the periodic vibration of the host beam to generate an alternating current (AC). In a word, the electrostatic charge gen-
erates at the material surface because of the triboelectrification. Furthermore, the electrostatic induction drives the charge flow
through the external circuit. In this way, the mechanical vibration energy of the host beam is converted into electricity from the
frequent contact and separation of the tribo-pair.

3. Aero-electro-mechanical model
3.1. Mechanical model

The formulation of an analytical model is crucial for thoroughly investigating the dynamic behavior of the harvester and further
guiding the design optimization of GTEH. The lump parameter model is quite common in TEH modeling, which has some accuracy in
terms of power prediction. For precise modeling, a distributed model is desired. In our case, the model should consider the electro-
mechanical coupling effect between the triboelectric pair and the cantilever beam, and the interaction between the wind flow and
the bluff body. Besides, according to our previous work [37], the non-parallel configuration of the triboelectric layer has to be taken
into account as well. Impact happens when the middle plate contacts with the stopper. There are three principal methods in dealing
with the impact in the model. (1) In the force integration method (FIM), the contact force is proportional to the penetration distance of
the beam at the impact location [38,39]. (2) For the mode switch method (MSM), the mode shapes of the continuous beam are re-
evaluated when it is in contact with the obstacle, and they are also treated as the basis for representing the motion of the beam
during impact [40,41]. (3) Coefficient of restitution (CoR) method treats the obstacle to be rigid and uses the CoR assumption to
evaluate the states of the beam before and after the impact [42,43]. Overall, the MSM requires the generation of the mode shapes for
the beam when it is in contact with the obstacle. The FIM introduces the impact force into the equation without changing the initial
mode of the continuous beam, which is more straight-forward as compared to the MSM. The CoR method is always used to solve the
problem with rigid impact. In this study, the most general FIM is employed to deal with the impact of the vibro-impact beam.

In order to formulate the mathematical model of the harvester, necessary simplifications are adopted. As shown in Fig. 2, the
proposed GTEH can be simplified as a host cantilever beam with a tip mass attached to its free end. The stopper is much stiffer than the
host beam, and it can be treated as a grounded spring-damper system with a gap to the beam. The stopper is thus represented by the
combination of a spring with a stiffness of k. and an in-parallel damper with a viscous damping coefficient ofc.. The motion of the host
beam is divided into two stages. In stage 1, there is no impact between the host beam and the stopper, and the beam is only subjected to
the galloping force. In stage 2, the impact force must be included in the system due to the occurrence of the impact. Based on the Euler-
Bernoulli beam theory, the dynamic equation of the host beam subjected to galloping force can be given by:

Stopper ‘I
Tribo-pair

Wind flow

Spacer Square bluff body

Elastomer

Cantilever beam

l Vibration direction

[ copperelectrode | Aluminium electrode [l PTFE [ Fiber epoxy M Aluminium sheet

Fig. 1. Schematic diagram of the top view of the proposed GTEH.
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Fig. 2. Schematic diagram showing simplified model of GTEH.
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where w(x, t) denotes the transverse deflection of the host beam. E is the Young’s modulus, and I is the area moment of inertia of the
beam cross-section. ¢; and ¢, are the strain damping and viscous air damping, respectively [44,45]. m is the distributed mass of the
beam. According to the quasi-static assumption [34], the galloping force F, is expressed as:

1

3
F.==phlU*Y Ajd,a= (Lt 2
c=3p U; ad,a +w(L,1) 2

w(L,1)
U
in which, the dot and prime represent the differentiation with respect to time and location, respectively.p,h, l and U are, respectively,
the air density, the height of the bluff body, the length of the bluff body, and the wind velocity. w' (L, t) denotes the rotation angle of the
beam at its free end, and L is the length of the host beam. For the bluff body with a square cross-section, a cubic polynomial function is
adopted to represent the aerodynamic force. The three coefficients of the cubic polynomial function are, respectively, A; = 2.3, Ay =
0 and Az = -18. It should be noted that these values are applicable for the wind flow with a Reynolds number larger than 33,000 with
zero turbulence [46], which is similar to our wind test conditions that will be discussed in the next section. Eq. (1) does not include the
electrostatic force because of a relatively small amount of charges accumulated on the material surface. The electrostatic force is thus
quite small, especially compared to the impact force. The impact force between the host cantilever beam and the stopper is much larger
than the electrostatic force, and the impact coupling is also much stronger than the electrical coupling in the proposed harvester.
Therefore, only the forward coupling (mechanical — electrical) will be considered in the proposed model. The backward coupling

(electrical - mechanical) is negligible, thus not included.
When the host beam pushes the middle plate to contact the stopper, the impact force occurs and applies to the host beam. Assuming
that the gap between the host beam and the stopper isgp , then the impact force is given by:

|0, w(xi, 1) < g
Fe= {kc(go — e, 1)) = (e, 1), w03 ®)

in which, x; is the location of the motion transformation point, i.e., the support. Thus,w(x;,t) and w(x;,t) are the displacement and
velocity at x = x; on the host beam, respectively. § is the Dirac function. Using the mode superposition method, the solution of Eq. (1)
can be written as follows by separating the variables:

)

w(x,t) = ¢, (x)n, (1) “

=1

where ¢,(x) is the mass normalized modal shape for the r* mode of the corresponding undamped free vibration case, and #,(t) is the
modal coordinate. Substituting Eq. (4) into Eq. (1), considering all the boundary conditions, the eigenfunction expression for the r
mode of a uniform clamped-free beam with tip mass can be written as [47,48]:

A A A A
¢,(x) = C,[cos T cosh > + B, (sin T sinh Zx)] 5)
where
mL(sind, — sinhA,) + A,M,(cosA, — coshA,
5 ) + 4, ) ©

mL(cosA, + coshd,) — 4,M,(sinl, — sinh4,)

The eigenvalues /1, appearing in the eigenfunctions are the roots of the following characteristic equation:
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in which, M; and I, are the mass and rotary inertial of the bluff body, respectively. The modal coefficient C, of the 7 mode can be
evaluated by considering the following orthogonality conditions:

[ b i+ om0+ L],

JRI T P R TR

(8)

Now, substituting Eq. (4) into Eq. (1) and Eq. (3) and using the above orthogonality conditions, the governing equations of the
system can be rewritten in the modal coordinate form as:

ﬁr(t) +2§rwn?’i1r(t) +wir’7r(1) :f; +ft (9)
where
f=¢,(L) x lphlez}:A F' LACUAU +Z¢ | (10)
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In Eq. (9), £, is the modal damping ratio. In Eq. (8) and Eq. (9), the modal natural frequency w,, is expressed as follows:

, [EI
=2 )= 12
Our =4 mL4 12)
The mechanical part model of the proposed GTEH is established by following the above procedures. In the next subsection, the

electrical part model will be developed to predict the energy generation ability of the harvester.

3.2. Electrical model

Fig. 3 shows the non-parallel configuration and the electrical field distribution in between the contact surfaces. Based on the basic
electrical potential equilibrium equation V, + V4 + Vg =0, and the voltage equation V(t) =RI(t) =R - dQ/dt, the governing equation
for the triboelectric energy harvester with a non-parallel configuration of the contact surfaces is given as:

_oug(t)
=0) = 1
ar Se e, e =0,0(t=0)=qo (13)

where R is the external loading resistance. Q is the transferred charge between two electrodes. S represents the area of the contact
surface. g is the vacuum permittivity, d is the thickness of triboelectric material, and ¢, is the relative permittivity of the triboelectric
material. 6 denotes the surface charge density of the triboelectric material. qo is the initial transferred charge. Compared to the
conventional electrical model of TEH with a parallel configuration of contact surface [26,27,49], there is an additional parameter y in

I

v O

Fig. 3. Schematic of tribo-pair with non-parallel configuration.
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Eq. (13) y =1/In(rp/r1) is relevant to the geometric parameter of the triboelectric pairs, and it can be regarded as an equivalent
coefficient for the distance between two contact surfaces. r; and r, are measured from the edges of triboelectric material to the rotation
center. The detailed derivation of the electrical equation can be referred to our previous work [37]. The mechanical model and
electrical model are coupled together by the motion at x = x;, which is g(t) ~ go —w(x1,t). The coupled aero-electro-mechanical model
can be solved numerically.

4. Experimental setup

This study targets on low wind velocity energy harvesting. Firstly, three harvester prototypes (GTEH-A, GTEH-B, and GTEH-C) are
designed and fabricated. A proper dimension of the host beam is selected by considering its natural frequency and corresponding cut-in
wind velocity when being exposed to the wind flow. Triboelectric pairs with various dimensions are attached to the host beam for the
preliminary test. The bluff body is made of lightweight foam that has good cutting flexibility. Detailed properties of the three pro-
totypes are listed in Table 1. It should be noted that the maximum gap is measured at the free end of the triboelectric pair, and it can be
controlled by adjusting the thickness of the spacer. The selected gap ensures the contact between the middle plate and the stopper at
relatively low wind velocity. Fig. 4 shows the experimental setup. The test is conducted in a downstream-fan type wind tunnel (FM 670
EdLabQuip) designed to study the subsonic aerodynamics. One end of the harvester is clamped at a fixture placed inside the test
chamber with a dimension of 300 mm x 300 mm x 600 mm (long). The bluff body is attached at another end of the host beam, and it is
exposed to the wind flow. The wind velocity could be adjusted from the controller, and the anemometer (TESTO 425) measures the
wind velocity during the test, and the pitot probe of the anemometer is installed up-right to ensure accurate velocity measurement. The
voltage generated from the harvester is acquired through the NI 9229 DAQ module and recorded by the SignalExpress software
installed on the computer.

5. Results and discussion

The voltage output of the harvester is recorded when increasing the wind velocity. The results are given in Fig. 5. One common
feature of all the prototypes is that the voltage increases with the wind velocity. The cut-in wind velocity for both GTEH-A and GTEH-B
are smaller than 2 m/s, indicating that the proposed harvester is suitable for low-velocity wind energy harvesting. For GTEH-C, the cut-
in wind velocity is around 5 m/s. It is noted that the length of the stopper of GTEH-C is longer than GTEH-A and GTEH-B, and its right
end is very close to the bluff body, which affects the wind flow passing through the bluff body and results in the increase of cut-in wind
velocity. The voltage output increases steeply after the cut-in wind velocity since increased vibration amplitude eases the contact
between two triboelectric layers. A higher wind velocity makes the host beam approach the stopper with a higher speed, which benefits
the charge transformation, thus giving rising of the voltage output. However, further increasing the wind velocity has little influence
on the voltage output due to the limit of the total amount of charge accumulated on the surface of the triboelectric material. GTEH-C
produces the highest peak-peak voltage (Vp_p) output of 75 V at the wind velocity of 10 m/s (Fig. 5(a)). Assuming that all the GTEHs
have the same surface charge density for the material, it is no surprise that GTEH-C generates the highest output given its largest
contact surface and biggest amount of charges.

Fig. 5(b) shows the root mean square (RMS) voltage (Vrys) for all GTEHs. Obviously, Vp_p is much larger than Vgys. Taking GTEH-
B at wind velocity of 10 m/s as an example, Vp_p_p is 62 V. However, the corresponding Vruys_p is only 6 V owing to the pulse-like
voltage signal of triboelectric harvesters. As shown in Fig. 5(d), for a conventional harmonic sinusoidal voltage signal, the peak-to-
peak and RMS voltage amplitudes are related by Vgys = v/2/2 - Vp, in which the coefficient is evaluated considering the effectively
covered area of the signal. As for the pulse-like signal from TEH (Fig. 5(c)), the covered area is much smaller than the sinusoidal one,
leading to an even smaller Vgys as compared to Vp_p. Overall, the Vrys shows a similar trend as of Vp_p with an exception for GTEH-C.
Its motion transformation support is close to the beam end, which makes the tribo-pair contact and depart faster than the other two,
resulting in a short time duration of the voltage signal. Therefore, even though the Vp_p of GTEH-C is high, its Vrys is still low. Though
a large-sized stopper contributes to a large contact surface and accumulated charges, it also influences the aerodynamic characteristics
of the harvester. Arbitrarily increasing the size of the stopper could possibly lead to the increase of the cut-in wind velocity and the
reduction of the Vzys. Thus, there is a trade-off for selecting the length of the middle plate and the stopper.

Table 1
Geometric parameters of three proposed GTEH prototypes.
Properties GTEH-A GTEH-B GTEH-C
Dimensions of host cantilever beam (Aluminum) 0.7 x 25 x 250 0.7 x 25 x 250 0.7 x 25 x 250
(mm x mm X mm)
Dimensions of mechanical stopper (FR4) 3 x 25 x 105 3 x 50 x 125 3 x 50 x 175
(mm x mm X mm)
Dimensions of triboelectric pair 25 x 80 50 x 100 50 x 150
(mm x mm)
Dimensions of bluff body (Foam) 40 x 40 x 150 40 x 40 x 150 40 x 40 x 150
(mm x mm X mm)
Weight of bluff body (g) 125 12,5 12.5
Initial gap distance, gy (mm) 2 2 2
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Fig. 4. Experimental setup for testing the proposed GTEH.
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Fig. 5. Voltage output at different wind velocities: (a) Peak voltage; (b) RMS voltage; (c) pulse-like voltage signal; (d) Sinusoidal voltage signal.

Based on the above preliminary results, the harvester GTEH-A is used to validate the proposed aero-electro-mechanical model since
the noticeable bending of the stopper in the experiment verifies its appropriateness of spring-damper simplification. The parameters
used in the modeling are listed in Table 2. The transferred charge during contact and separation of the tribo-pair is measured by an
electrometer, and the surface charge is estimated to be 3.0 x 10~°C/m?. The first natural frequency of the host beam is 4 Hz. In order to
capture the vibro-impact behavior of the system, the first 6 mode shapes of the host beam are considered in the distributed aero-
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Table 2

Parameters used in model validation for GTEH-A.
Parameters Values
Density of host beam 2700 kg/m>
Young’s modulus of host beam 69 GPa
Air density 1.1644 kg/m?®
Location of motion transmission support, x; 80 mm
Contact stiffness,k. 200 N/m
Damping coefficient of stopper,c. 0.05
Modal damping ratio,{, 0.007
Vacuum permittivity,e 8.854 x 107%F/m
Relative permittivity of PTFE,¢, 2.1
Thickness of PTFE, d 0.1 mm
External resistance, R 1 MQ
Equivalent coefficient, 0.087
Surface charge density,o 3.0 x 107°C/m?

electro-mechanical model. The wind velocity sweeps from 1 m/s to 10 m/s.

Fig. 6 shows the beam displacement at the motion transformation location (x; = 80 mm) at the wind velocity of 10 m/s. The
maximum absolute displacement is larger than the maximum relative displacement when impact happens. The difference corresponds
to the penetration distance of the spring-damper system. We would like to clarify that the penetration distance is defined as the tip
deflection of the stopper when the host cantilever beam pushes the stopper at its free end (NOT the actual penetration between the two
contact materials). There is no charge transfer in the penetration region because the tribo-pair maintains the contact status. Only the
relative displacement contributes to the electrical output, and it will be substituted into the electrical model to evaluate the energy
generation performance of the harvester.

Fig. 7 gives a detailed explanation of the simulated results involving the relation of the actual motion of the host beam to the charge
transformation and voltage generation. In phase 1, the host beam vibrates starting from the equilibrium position with no charge
transformation. Thus, no voltage output is produced during phase 1. The host beam is very close to the stopper in phase 2. The charge
starts to flow and reaches the maximum transfer amount when the beam impacts the stopper. A positive voltage peak is generated due
to the rapid change of the total capacitance at the impact moment. After that, the host beam enters phase 3. The beam segment from the
support to the bluff body continues to move forward because of the inertia of the bluff body and the beam itself. The tribo-pair keeps
engaged during this period, and there is no charge transformation through two electrodes, corresponding to zero voltage output. In
phase 4, the host beam moves backward from the extreme position, and the tribo-pair starts to separate. The charge flows rapidly in the
reverse direction, resulting in the generation of a negative voltage peak. Phase 1 to phase 4 constitutes one complete vibration cycle for
generating an AC voltage by the harvester. The next voltage peak will occur until the host beam goes back to contact the stopper in the
subsequent cycle. The simulated voltage signal agrees well with the acquired experimental voltage signal for GTEH-A working at a
wind velocity of 10 m/s (Fig. 7(c)). Obviously, the proposed model can capture the actual physical features of the harvester.

6. Performance improvement and parametric study

It can also be observed from Fig. 7 that there is a relatively long time interval without voltage output between two voltage cycles
and within one cycle (phase 3). During this interval, the motion of the host beam, i.e., the vibration energy, is not converted into
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Fig. 6. Displacement of the beam at x; = 80 mm at the wind velocity of 10 m/s.
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Fig. 7. Simulated displacements, voltage outputs, and charges at different phases of the impact-engaged galloping vibration process.

electricity. In order to achieve a higher energy conversion efficiency, it is necessary to shorten this time interval by either increasing
the vibration frequency of the host beam or shortening the penetration distance (e.g., with a stiffer stopper). One advantage of the
current GTEH design is that the gap distance can be easily tuned by adjusting the spacer. The frequency can also be varied by changing
the cantilever beam, which also demonstrates the excellent design flexibility of the GTEH. For a beam structure, its natural frequency is
related to its stiffness and mass, which can be modified by changing its geometric dimension. Considering that the host beam is self-
excited due to the aerodynamic force, an extremely stiff beam cannot vibrate or only vibrate at very high wind velocity. In this regard,
the selection of the beam stiffness should not sacrifice the cut-in wind velocity too much. Finally, the beam dimension is chosen to be 1
mm x 25 mm X 210 mm. The natural frequency increases from 4 Hz to 8.6 Hz, and the cut-in wind velocity becomes 3 m/s, which is
acceptable for low wind velocity energy harvesting. In addition, as the proposed GTEH is based on the contact and separation of tribo-
pair, the induced impact has a significant effect on the energy generation ability of the harvester. The impact is related to the gap
distance, aerodynamic force, and contact stiffness. In order to further improve the harvester performance and provide some guidelines
on the design of TEHs working on contact-separation mode, parametric studies concerning those factors are conducted based on GTEH-
B since it shows the best performance in the preliminary test.
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Fig. 8. (a) RMS voltage of GTEHs with various gap distances at different wind velocities; (b) Phase diagram for GTEH-g2, GTEH-g4 and GTEH-g6
obtained from simulation.
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6.1. Gap distance

The gap distance between the middle plate and stopper may influence the energy generation ability of the GTEH because the speed
of the middle plate approaching the stopper varies with the gap distances. GTEH-B is modified by replacing with the optimized beam,
and the stopper remains unchanged. The gap distance is controlled by adjusting the thickness of the spacer. A new notion GTEH-gX is
used for the harvesters, in which X represents the various gap distances (X = 2 mm, 4 mm, 6 mm, and 8 mm). The experimental results
in Fig. 8(a) indicate the existence of an optimal gap distance for the GTEH. GTEH-g4 produces an Vgys around 12.7 V at the wind
velocity of 10 m/s. It can also reach up to 6.3 V at a wind velocity of 5 m/s, demonstrating its ability for low velocity wind energy
harvesting. GTEH-g4 shows the best energy generation performance among all the harvesters that were tested in the experiment. Very
narrow gaps, such as 1 mm or 0 mm, were not tested in this study, because initial contact within the tribo-pair could increase overall
stiffness and natural frequency of the system, and the host beam cannot be self-excited if the middle plate initially contacts the stopper.
GTEH-g2 and GTEH-g6 show similar voltage output that is lower than GTEH-g4. The difference can be attributed to the velocity of the
beam before and after the impact with the stopper.

Fig. 8(b) shows the phase diagram for GTEHs with various gap distances from simulation. It is clear that the velocity before impact
is larger than the velocity after impact for GTEH-g2 because the narrow gap allows the beam to impact the stopper at a relatively high
speed, leading to a high energy loss and reduction of the velocity after impact. For GTEH-g4, the absolute velocities before and after the
impact are almost the same, indicating less energy loss. Thus GTEH-g4 produces a considerably larger RMS voltage output than GTEH-
g2, even though the velocity before the impact of GTEH-g4 is smaller than that of GTEH-g2. As for GTEH-g6, the large gap makes the
beam impact the stopper with a low velocity thus generating a small voltage output. Numerical simulation of the proposed aero-
electro-mechanical model presented in Section 3 was conducted as well. The numerical results for GTEH-g4 and GTEH-g8 show
good agreement with the corresponding experimental results, even though the voltage output of GTEH-g8-num is smaller than that of
GTEH-g8-exp. The post-fixes -num and -exp denote the numerical and experimental results, respectively. GTEH-g10 with a broader gap
is modeled, and the result indicates that the gap is not recommended to be excessively tuned. Otherwise, the cut-in wind velocity of
GTEH for generating electricity will increase. Therefore, there is an optimal gap distance for the proposed GTEH, and it needs to be
carefully selected in actual applications.

6.2. Bluff body

The dimension of the bluff body, especially the exposed area, will affect the induced aerodynamic force. In order to investigate its
influence, three bluff bodies with different heights (H =110 mm, H = 130 mm, and H = 150 mm) are fabricated for testing. The cross-
sectional dimension of the square cross-section is maintained at 40 mm x 40 mm. The bluff modification is based on the GTEH-g4. For
a cantilever system, the change in dimension of the bluff body affects its tip mass, which influences the natural frequency of the host
beam. The GTEH with the height of Y mm is noted as GTEH-HY. The weight of GTEH-H150 is 12.5 g. To eliminate the weight difference
between bluff bodies, attachments are added to the other two harvesters to make their weight consistently being 12.5 g. Fig. 9
compares the RMS voltage from the experiment and simulation for the GTEHs with various bluff bodies. One clear trend is that Vzys
increases with the bluff body height, and such increment is more obvious at high wind velocities. The reason should be attributed to the
growing aerodynamic force, which eases the contact of the tribo-pair at a relatively high speed leading to a faster charge trans-
formation. The numerical results from the proposed model agree well with the experimental results, indicating the good accuracy of
the aero-electro-mechanical model. The performance of GTEHSs shows clearer discrepancies under the high wind velocity range from 8
m/s to 10 m/ s because of the induced impact. To this end, it is evident that a large bluff body benefits the performance of the harvester.
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Fig. 9. Comparison between experimental and numerical results for GTEHs with bluff bodies having different heights.
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However, it is also not recommended to use an oversized bluff body in view of miniaturization. Besides, beam rotation may happen if
the bluff body is too high, which is not suitable for energy harvesting of GTEH.

6.3. Contact stiffness

For the harvester working on contact-separation mode, inevitable impact within the tribo-pair makes the host beam exhibit a
particular nonlinear dynamic behavior. Hence, it is worthwhile to investigate the effect of contact stiffness on the performance of the
GTEH. The contact stiffness is related to the contact speed, the material type, and the stopper’s stiffness. In our test, the contact stiffness
is adjusted by controlling the stiffness of the stopper. Basically, three stoppers with different thicknesses (3 mm, 6 mm, and 9 mm) are
introduced. The parametric study is conducted based on GTEH-g4-H150. The harvesters with various stoppers are denoted as GTEH-
KS, GTEH-KM and GTEH-KB. The post-fixes, namely, -KS, -KM, and -KB, respectively, indicate small, moderate, and big contact
stiffness. As shown in Fig. 10(a), increasing the contact stiffness reduces the Vzys, and such a voltage drop is more overt at the high
wind velocity region. It is observed that the AC voltage signal is highly asymmetric when the contact stiffness is large. Fig. 10(b) shows
the positive voltage peak (Vp_p.q) obtained at various wind velocities for GTEHs with different contact stiffness. The three curves
almost overlap with each other. The reason is that the approaching speed of the middle plate for various GTEHs are the same before
impact, which results in similar charge transformation amount and speed, thus giving similar voltage output. However, the after-
impact velocity of the host beam is diverse under various contact stiffness, which influences the charge transformation. Fig. 10(c)
shows the negative voltage peak (Vy_peqx) of the tested GTEHS. Vy_peqx drops significantly when the contact stiffness increases, by
comparing the output from KS, KM to KB. The contact of the tribo-pair changes from relatively soft impact to highly rigid impact from
KS to KB. In such case, the host beam suffers an increasing energy loss with the growing contact stiffness, leading to the decrease of
Vn_peak- As a result, the peak-to-peak voltage (Vp_p) also decreases with the growing contact stiffness as shown in Fig. 10(d). Strong
nonlinearity happens during the contact for rigid impact. The causing impulsive separation between contact surfaces could result in
sporadic voltage output, which reduces the magnitude of the negative voltage peak and gives the asymmetric AC voltage signal. Such a
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phenomenon can be clearly observed in Fig. 11, which shows the actual voltage output for GTEHs with various stoppers at the wind
velocity of 10 m/s from the experiment. Sporadically distributed irregular voltage peaks occur for highly rigid impact, such as GTEH-
KB.

In order to fully understand the effect of the contact stiffness, numerical simulation is carried out using the proposed model. The
determination of the contact stiffness during vibro-impact is not straight-forward. In this study, the contact stiffness specified in the
model is estimated through the frequency response of the harvester. It is known that the natural frequency of the beam will increase
due to its hardening behavior when impact happens, which could lead to the shift of the natural frequency. Such a behavior provides a
method to estimate the induced contact stiffness for the vibro-impact system. The fundamental natural frequency of the beam is 8.6 Hz.
In the experiment, the natural frequencies shift to 9.6 Hz, 10.0 Hz and 10.5 Hz for GTEH-KS, GTEH-KM and GTEH-KB, respectively, at
the wind velocity of 10 m/s. By leveraging on this observation, the contact stiffness of GTEH-KS and GTEH-KM are determined to be
2000 N/m and 20000 N/m with the resulting simulated natural frequencies of 9.5 Hz and 9.9 Hz, which match well with the observed
natural frequencies. As shown in Fig. 10(a), the numerical results for both harvesters agree well with the experimental results with
reasonable disparity for GTEH-KM. However, even the KB is set to 1000000 N/m for GTEH-KB in the modeling, the obtained natural
frequency is only 10.1 Hz, which is lower than the corresponding value from the experiment. Such a significant discrepancy for GTEH-
KB could be due to the employed modeling method of impact. The FIM has low accuracy and efficiency in dealing with highly rigid
impacts. To some extent, the proposed model can model the nonlinear impact behavior of GTEH from soft impact to moderately rigid
impact. In order to further understand the validity of the proposed model, more contact stiffnesses with lower values (K = 100 N/m,
500 N/m and 2500 N/m) are tried out in simulation. The results indicate that too soft impact will not improve the energy generation
ability of the harvester. There is an optimal contact stiffness for the current harvester design. Based on the analysis, the most efficient
contact stiffness is around 2500 N/m for the current harvester design, giving an ideal Vgys output at around 13 V.

This section has conducted a detailed parametric study, both experimentally and numerically, to investigate the effects of the bluff
body, stopper, and gap distance on the energy harvesting performance. All these factors affect the contact stiffness between the middle
plate and stopper. Proper contact benefits the charge transformation, leading to large electrical output. Nevertheless, a highly rigid
contact causes tremendous energy loss and result in the reduction of Vy_peq, as well as Vrys. Among all these factors, adjusting the
stopper stiffness is a direct method to tune the contact stiffness compared to changing bluff body and gap distance. The proposed model
shows good accuracy in a broad range of contact stiffness even it loses its accuracy at extremely high contact stiffness. The optimal
contact stiffness of GTEH locates in the moderate range. Hence, the proposed model can be used to design other TEHs working on the
contact-separation mode.

7. Performance characterization

In actual application scenarios, the harvested energy needs to be stored in a battery or a capacitor first. Subsequently, the power
management unit acquires a proper amount of energy to power small electronics. As discussed in the previous sections, GTEH-g4-
H150-KS is close to the optimal configuration of the harvester. Thus, it is selected to examine the energy generation ability of the
proposed harvester. In order to find the optimal power of the selected GTEH, the output of the harvester is connected to an adjustable
resistor for impedance matching. The voltage of the resistor is measured when varying the resistance. Fig. 12 shows the power output
from the harvester under different wind velocities. The maximum power is 290 pW at the wind velocity of 10 m/s. Even at a relatively
lower wind velocity of 6 m/s, the maximum power could reach 196 pW. For the application demonstration of the proposed GTEH, the
voltage that comes from the harvester is rectified to charge capacitors and light LEDs. The circuit is shown in Fig. 13(a). The wind
velocity maintains at 9 m/s. Four capacitors with capacitance of 4.7 pF, 22 pF, 47 pF and 100 pF are chosen for the experiment. From
Fig. 13(b), the harvester can charge the capacitors to 22.3V, 6.7V, 3.3V and 1.4 V in 60 s, respectively. The charging results prove that
the harvester can supply sufficient energy to power sensors since the basic voltage requirement for most electronics is 3.6 V. In Fig. 13
(c), the harvester can light up 40 LEDs even at a wind velocity of only 4 m/s, indicating the good capability of the proposed GTEH for
low velocity wind energy harvesting. Furthermore, there is still a room to improve the energy generation performance of the proposed
GTEH. For example, using surface treatment technology for the raw PTFE materials, such as plasma treatment and surface etching, can
elevate the power output to a higher level [50,51].

8. Conclusion

In this study, a cantilever-type vibro-impact triboelectric energy harvester is proposed for wind energy harvesting based on the
galloping effect of the bluff body. An aero-electro-mechanical model is formulated considering the aerodynamic force and the impact
force. Prototypes of the GTEH are tested in the wind tunnel. The effects of critical design parameters such as the dimension of the bluff
body, gap distance, and contact stiffness are systematically investigated. The actual performance of the GTEH is also examined
experimentally. The main findings from this study are summarized as follows.

(1) The cantilever beam has a broad flexibility in harvester design. One challenge of using a cantilever beam for TEH working on
contact separation mode is that the complete contact within tribo-pair is difficult to achieve. Non-complete contact of the tribo-
pair leads to poor power output. The proposed harvester design provides a good solution to ensure complete contact by
introducing a middle plate with one rotation degree of freedom, which is further applied in wind energy harvesting. Very low
cut-in wind velocity (<4 m/s) of the GTEH demonstrates its ability for low wind velocity energy harvesting.
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Fig. 11. Voltage outputs from GTEHs configured with different stoppers at the wind velocity of 10 m/s.

300 | —9—6mis
| —@—8mls
250 L | —#—10m/s
100
50

A 4

[

o

o
T

Power (W)
g

1E+07

0 ALl Al Al ] |
1E+06 1E+08

Resistance ()
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Impact between two contact surfaces of the tribo-pair is employed in the proposed GTEH. The contact status dominates the
energy generation performance of the harvester. Unlike the traditional lumped parameter model, this paper has proposed a
distributed parameter model concerning the coupled aero-electro-mechanical effect and the impact effect. The FIM is used to
simulate the impact in the model. Natural frequency shift due to the impact can be captured by the model. Good agreement
between the numerical and experimental results indicates the accuracy of the theoretical model, which provides a guideline for
the modeling of TEHs working on the contact and separation mode.

Abundant parametric studies are carried out experimentally and numerically. The contact stiffness has a more prominent in-
fluence on the energy generation performance of the harvester compared to the dimension of the bluff body and gap distance.
An asymmetric voltage output can be observed when a huge impact happens. Strong nonlinearity and energy loss of the impact
result in a remarkable drop-down of the negative voltage output in each cycle. However, proper impact facilitates the complete
contact of the tribo-pair, thus positively affecting the harvester’s performance. Therefore, the impact plays a critical role in the
energy conversion performance of the harvester. A moderate gap distance and contact stiffness are more profitable for the
proposed GTEH.

The prototype of GTEH shows a maximum RMS voltage output of 12.8 V with an maximum power of 290 pW at the wind
velocity of 10 m/s. It also has a broad bandwidth due to the natural frequency shift. The GTEH exhibits good performance in
charging capacitors and lighting LEDs, demonstrating its potential as an energy generator to power electronics.
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